The sorption behaviour of a 2.46 × 10 -5 M solution of Hg(II) on 4-(2-pyridylazo)resorcinol (PAR)-loaded polyurethane foam (PUF) was investigated. Optimum sorption was observed from acetate medium at pH 6 with the maximum equilibration time being 30 min. The kinetic data indicated an intraparticle diffusion process with sorption being first order. The rate constant k was 0.053 min -1 . The classical Freundlich and Langmuir adsorption isotherms were tested. The Freundlich constants 1/n and K f were determined as 0.40 and 1.07 × 10 -3 mol/g, respectively, and the Langmuir constants 'M' and 'b' were 3.84 × 10 -5 mol/g and 3.5 × 10 4 dm 3 /mol, respectively. A sorption free energy (E) of 12.9 kJ/mol indicated chemisorption. The numerical values of the thermodynamic parameters DH, DS and DG indicated that sorption was spontaneous and exothermic in nature. The Scatchard equation was tested as a means of evaluating the binding sites of PUF with Hg(II). The stability constants for sorption were determined and the sorption mechanism was discussed.
INTRODUCTION
Environmental mercury pollution has received considerable attention. This element accumulates in living organisms and has a high toxic potential. Its wide technological use in amalgams, dental preparations, optical equipment, metal plating, pigments, paints, pharmaceutics and the incineration of waste causes extensive anthropogenic contamination of soil, air and water (Drake 1981) . A number of analytical methods have been developed for the separation and preconcentration of mercury from samples of different origin and for analytical techniques. Depending on the method of determination, different instrumental techniques have been used. These analytical separation/ preconcentration methods are based on liquid-liquid extraction (Francis et al. 2001) , chelation ion-exchange resins (Braun et al. 1984; Ma et al. 2000) and/or solid-liquid extraction (Thanabalasingam and Pickering 1985; .
Polyurethane foam (PUF) is a cheaper sorbent which is widely used for the preconcentration of trace metal ions. The sorption properties of PUF towards metal ions can be changed by the immobilization of foreign organic reagents such as pyridylazonaphthol (Srikameswaran and Gesser 1978) , dimethylglyoxime (Lee and Halmann 1980), 2-thenoyltrifluoroacetone (Saeed et al. 1994) , dithiazone (Chow and Buksak 1975; Abbas et al. 1989 ), etc.
The mechanism of sorption and transfer of trace metal ions from the bulk aqueous solution to the surface of the PUF is not well defined (Palagyi and Braun 1992; Saeed and Rusheed 1998) . However, the sorption behaviour of PUF has been well explained by the porous behaviour of the foam and the development of mass-transfer phenomena from the macropores to the micropores of the semi-solid (Weber and Liang 1983; Desai et al. 1992) .
PUF consists of a three-dimensional network of polyurethane fibres in which the major proportion of pores (> 90%) act as macropores where fairly rapid transfer of the solute from aqueous solution takes place. On the other hand, the surface of the PU fibre acts as micropores where mass transfer of the solute is slow and adsorption occurs. Sorption takes place at the active sites of PUF through physical or chemical interaction (Ruthven 1984) during the movement of the desired solution from the macroporous and microporous surface areas.
In our earlier work, the preconcentration of Fe(III) (Saeed et al. 1996) and Tb(III) (Saeed and Rusheed 2002) on HTTA-loaded PUF indicated that transfer of the solute from the bulk aqueous solution to the surface of PUF strictly obeyed adsorption characteristics. In the present study, the sorption behaviour of Hg(II) metal ions on PAR-loaded PUF has been examined since no work appears to have been cited with this system. Different adsorption isotherms, kinetics and thermodynamic parameters have been evaluated. A possible sorption mechanism is discussed.
EXPERIMENTAL

Reagents and radiotracers
All the reagents used in this work were of Analar grade. Laboratory grade 4-(2-pyridylazo)resorcinol (PAR) from Fluka was used as obtained. Buffer solutions with pH values of 1 and 2 were prepared by mixing appropriate amounts of 0.2 M solutions of HNO 3 and KNO 3 in different combinations. Buffer solutions with pH values of 3 to 7 were prepared by using 0.2 M solutions of HNO 3 , CH 3 COOH and CH 3 COONa, while buffer solutions with pH values of 8 to 10 were prepared using 0.2 M NaOH and H 3 BO 3 in different proportions. The ionic strength of all the buffer solutions was maintained at 0.1 M by diluting with deionized water and their stability was checked periodically using a Metrohm type 605 pH meter.
The 203 Hg radiotracers were prepared through (ng) reaction by the irradiation of Specpure HgO in a 10 MW PARR-1 reactor at PINSTECH employing a flux of 7 × 10 13 neutron/(cm 2 s). A known weight of metal oxide was sealed in a quartz capsule before irradiation. The irradiated metal oxide was dissolved in concentrated HNO 3 , the contents heated to dryness and the final residue dissolved in 1 ml of 0.1 M HNO 3 and diluted to 25 ml. Further dilutions were made from this stock solution. The radiochemical purity of the stock solution was checked through g-spectrometry using a 25 cm 3 Ge(Li) detector coupled to a 4 k series 85 Canberra multichannel analyzer.
Foam preparation
Washing
The polyurethane foam (PUF) used was commercially available polyether-type PUF with a bulk density of 22 kg/m 3 . Using a cork borer, the foam was cut into cylindrical plugs of 5 mm diameter × 10 mm length for batch shaking. Organic and inorganic contaminations were removed via the following steps:
1. The cylindrical foam plugs were soaked in acetone for 30 min to dissolve organic impurities and to open the closed pores of PUF. The soaked foam was pressed between filter paper and dried at 60°C in an oven.
2. The dried foam was allowed to absorb HCl (2.0 M) with squeezing for 2 h to dissolve inorganic impurities, and after that washed several times with deionized water until the washings were acid-free and neutral to alkaline phenolphthalein indicator. The washed foam was dried at 80°C. 3. The washed foam was again squeezed with acetone for 30 min, pressed between filter paper, dried at 60°C and stored in wide-mouth plastic bottles prior to further use.
Reagent loading
The washed foam was squeezed for 1 h in a 0.1% acetone solution of PAR. The excess solution was drained away and the foam squeezed gently between two filter paper sheets to remove any excess PAR/acetone solution. It was then dried in an oven at 60°C and stored in an airtight plastic bottle prior to further studies. The concentration of PAR on PUF was determined by dissolving the loaded PUF in HPLC grade acetone. Both the sample solution and standards were studied spectrophotometrically. It was found that the observed absorption obeyed the Beer-Lambert law at 390 nm over a concentration range of 10 -5 -10 -4 M for the solution of PAR in acetone. The concentration of PAR sorbed on PUF as determined from such measurements was 1.96 × 10 -4 mol/g.
Procedures
Adsorption studies
Radiotracer of the desired metal ion was mixed uniformly with 5 ml of an aqueous solution of known pH in 20 × 150 mm culture tubes equipped with a screw-type polythene cap. A 1-ml aliquot was taken in a counting vial for gross g-counts (A 0 ), while two cylindrical plugs (29 mg) of PARloaded PUF were added to the remaining 4 ml of solution and the contents shaken on a wristaction Griffin & George shaker for 30 min or as required. After shaking, the 1-ml aliquot was assayed radiometrically (A e ) on a gross g-ray Tennelec counting assembly equipped with a well-type NaI(Tl) crystal.
In other metal ion studies, ca. 100 mg of the potassium or sodium salts of the compound were dissolved in 10 ml of a known buffer solution, the buffer solution being adjusted to the required pH value by the addition of 0.1 M HNO 3 /NaOH using a pH meter to monitor the value. This solution was used for adsorption studies of trace metal ions as described above.
For thermodynamics and kinetic studies, the radiotracer solution was placed in a culture tube and immersed in a Gallenkamp thermostirrer-100 model BKL 234 water bath at constant temperature for at least 30 min in order to attain the required temperature. The same procedure as described above was then followed. During shaking, ca. 70% of the culture tube length remained immersed in the water bath so that the solid/liquid contents were maintained at the controlled temperature.
Treatment of data
The amount of Hg(II) adsorbed at equilibrium was calculated from the difference in activity of the aliquots obtained before and after adsorption. The percentage sorption (% sorption) and distribution coefficient (K d ) were calculated as: and The percentage sorption and K d value could be correlated by the equation:
All experiments were performed at least in triplicate at ambient temperature (23 ± 2°C). Standard formulae were used for the statistical treatment of the data. The results presented are the average of at least three independent measurements. The expected statistical errors in the radioactive measurements in % sorption (E) and distribution coefficient (K d ) calculations were within the range 0.65-3.02%.
RESULTS AND DISCUSSION
The effect of pH within the range 1-10 on the sorption behaviour of a 2.45 × 10 -5 M solution of Hg(II) on PAR-loaded PUF after 30 min shaking is shown in Figure 1 . This figure indicates that sorption of Hg(II) on unloaded PUF was negligible whereas the percentage sorption increased with pH on the PAR-loaded PUF, reaching a maximum (> 98%) in acetate medium at pH 6 and thereafter starting to decrease with pH in a borate medium. The decrease in sorption in an alkaline medium was due to the formation of different PAR species as the pH value of the aqueous solution changed. The neutral form of PAR responsible for complex formation with Hg(II) exists in the pH range 3-6, while at higher pH values (7-10) the p-hydroxy group rather than the o-hydroxy group of PAR is ionized first. This led to a reduction in the complexation of PAR with Hg(II) with a consequent reduction in the sorption of Hg(II) on PAR-loaded PUF (Anderson and Nickless 1967 
Kinetic studies
The effect of shaking time on the sorption of Hg(II) indicated that maximum equilibrium was attained within 20 min. The kinetic studies depended upon the rate of reaction of the solute particle with the adsorbent. In contrast, the sorption rate depended on two transport processes, i.e. film diffusion and intraparticle diffusion. Finally, the third step that was rapid and did not influence the kinetics consisted of the adsorption of the solute on active sites on the interior surfaces of the pores, where chemical reaction occurred between the adsorbate and the adsorbent. Hence, the overall rate process was controlled by the slowest step, which was either film diffusion or intraparticle diffusion (Saeed et al. 1996; Faust and Aly 1987a) . PUF is a porous substance having spherically symmetrical macropores and micropores. The macropores are relatively large compared to the molecular size of the solute and readily accessible to the solute. Adsorption in the macropores is rapid and characteristic of film diffusion. In contrast, the micropores are similar in size to the solute molecule. Diffusion in such pores would be severely hindered due to steric interaction, so that the subsequent slow approach to equilibrium would be characteristic of an intraparticle diffusion process (Faust and Aly 1987b) . In this regard, the Weber-Morris (1963) equation for the intraparticle diffusion rate constant has been tested in the form:
(1) where q t is the amount of metal ions (mol/g) adsorbed at time t and R d is the intraparticle diffusion rate constant. The relationship between q t and t 1/2 is shown in Figure 2 from which it will be seen that the data for Hg(II) were linear with a regression coefficient (r) of 0.9633. The numerical value of R d for Hg(II) was determined as 4.7 × 10 -9 mol/(g min 1/2 ). However, the data plot did not pass through the origin, thereby indicating that a film-diffusion process also occurred during the initial sorption stage. In contrast, the bulk sorption of Hg(II) on PAR-loaded PUF was governed by intraparticle diffusion in the microporous regions of PUF. The nature of the adsorption either via film or intraparticle diffusion was also verified using the Reichenberg (1953) 
equation in the form:
( 2) where The value of Bt is a mathematical function of F and can be calculated as: 
where q e is the amount adsorbed at equilibrium, q t is the amount sorbed at time t and k is the adsorption rate constant. The linear plot of ln(1q t /q e ) versus time is depicted in Figure 4 . The regression coefficient (r) in this case is 0.9745. The numerical value of the rate constant k as determined from the slope of the line was 0.053 min -1 for Hg(II). This value indicates that the adsorption process was first order with respect to the concentration of metal ion adsorbed.
Metal ion concentration
The variation of the distribution coefficient (K d ) relative to the concentration of Hg(II) is shown in Figure 5 . A rapid decrease in the value of K d occurred at low metal ion concentrations with the value becoming constant when the equilibrium concentration of Hg(II) in the system increased. A similar trend has also been observed by Saeed and co-workers for the sorption behaviour of Ag(I) (Hasany et al. 2001) and Hg(II) . This decrease in sorption on increasing the Hg(II) concentration up to 3.4 × 10 -3 mol/l may be attributed to saturation of the active sites on PAR-loaded PUF with metal ions.
In batch shaking methods, the transfer of sorbate from the bulk aqueous solution on the surface of the sorbent, and subsequently from the outer surface to the interior surface of the sorbent, is governed by adsorption phenomena. As a consequence, the data were treated using the Freundlich (1926) adsorption isotherm in the form: where C ads is the amount of solute adsorbed (mol/g), C e is the amount of solute in solution (mol/l) at equilibrium, and K f and 1/n are constants. The plot of log C ads versus log C e for Hg(II) was linear as shown in Figure 6 . The numerical values of 1/n and the adsorption capacity K f for PAR-loaded PUF as obtained from the slope and intercept of the plot were 0.40 and 1.07 × 10 -3 mol/g, respectively. The low value of 1/n (< 1) indicated that the sorption capacity was only slightly reduced at lower equilibrium concentrations of Hg(II). It should be noted that the Freundlich isotherm provides an expression which encompasses both surface heterogeneity and the exponential distribution of energy sites on PAR-loaded PUF. The Langmuir (1915) adsorption isotherm based on the assumption that there are small discrete equivalent energy sites on the sorbent surface which only accommodate one sorbate molecule each has also been tested in the form:
where C e is the equilibrium metal ion concentration in solution (mol/l), C ads is amount of metal ions adsorbed on PUF (mol/g), and M and b are constants. The plot of C e /C ads versus C e of Hg(II) as shown in Figure 7 was linear over the entire range of metal ion equilibrium concentrations with a regression coefficient (r) of 0.9868. The numerical value of the monolayer sorption capacity 'M' and the binding energy related to the heat of adsorption 'b' were evaluated from the slope and intercept of the plot as 3.84 × 10 -5 mol/g and 3.5 × 10 4 dm 3 /mol, respectively.
The Dubinin-Radushkevich (D-R) (1947) isotherm, which in a similar manner to the Freundlich isotherm is based on the heterogeneous nature of the adsorbent surface, was used to study whether the adsorption process was either physical or chemical in nature. The equation for this isotherm may be written as: (7) where X m is the adsorption capacity of the PAR-loaded PUF, b is the activity coefficient constant and 'e' is the Polanyi potential which is equal to:
where R (kJ/mol) is the gas constant and T (K) is the temperature. The postulate of the Polanyi potential model is that an adsorption 'space' occurs close to the sorbent surface (Faust and Aly 1987b) . Such spaces would be micropores of various sizes in the sorbent. If a very small C ads region of the sorbent is assumed to be uniform in structure and energetically homogeneous, it is possible to choose an approximation to the Langmuir isotherm as the local isotherm of all sites where the activity coefficient b 1/2 can be correlated to the mean sorption energy (E), the latter being defined as the free energy required to transfer 1 mol Hg(II) ions from infinity to the surface of the adsorbent. The activity coefficient b is related to the sorption energy (E) if b < 0 as:
The plot of ln C ads versus e 2 for Hg(II) depicted in Figure 8 is linear with a regression coefficient (r) of 0.9935. The values of b and X m evaluated from the slope and intercept of this plot were -0.0030 and 1.24 × 10 -4 mol/g, respectively. For physical or chemical adsorption, the numerical value of the sorption energy (E) should lie in the range 1-8 kJ/mol or 9-6 kJ/mol, respective. The value of E determined in the present case was 12.9 kJ/mol corresponding to chemisorption or ion exchange. Hence, it is very likely that Hg(II) was adsorbed on PAR-loaded PUF predominantly via chemisorption.
The agreement of the experimental data with the above adsorption isotherms clearly indicates that the uptake behaviour of Hg(II) on PAR-loaded PUF was via adsorption and that sorption occurred via an ion-exchange type chemisorption. However, the metal ion concentration over which the adsorption isotherm of Hg(II) was followed ranged from 3.11 × 10 -5 to 5.3 × 10 -4 mol/l. Higher Hg(II) concentration ranges that conform to the above adsorption isotherms may be attributed to a higher sorption affinity or distribution coefficient for Hg(II) onto PAR-loaded PUF. The sorption capacity constant (M) derived from the Langmuir isotherm corresponded to monolayer coverage of the sorbent by the sorbate and was smaller in value than the sorption capacity (K f ) derived from the Freundlich isotherm that indicated multilayer sorption on the surface.
Effect of temperature
The influence of temperature on the sorption behaviour of Hg(II) onto PAR-loaded PUF has also been studied, the various thermodynamic parameters being evaluated using the Van't Hoff equation in the form: Saeed et al./Adsorption Science & Technology Vol. 21 No. 1 2003 and (10) where K c is the equilibrium constant equivalent to the fractional attainment F e /(1 + F e ) of metal ions sorbed onto PAR-loaded PUF at equilibrium, DH, DS, DG and T are enthalpy, entropy, Gibbs free energy and temperature (K), and R is the gas constant equal to 8.3143 J/(mol K).
The plot of log K c versus 1/T was a straight line as shown in Figure 9 . Based on this plot and subsequent calculations, the values of DH, DS and DG were -26.6 kJ/mol, -63.7 J/(mol K) and -0.7 kJ/mol, respectively. The negative value of DG indicates that the adsorption behaviour of Hg(II) was spontaneous in nature, while the negative value of DH indicates that the sorption behaviour was exothermic and favoured both complex formation and stability in the system.
Scatchard plot analysis
In order to investigate the binding sites of PUF, the Scatchard equation has been tested (Scatchard 1949; Schroeder 1992) . This equation is generally used in biosciences to analyze the data and can be used in studies of the extraction or sorption of metallic species (Yoza 1973) . The results can be treated if the Scatchard equation is written in the form: (Mantoura and Riley 1975). The stability constants log K 1 and log K 2 for the sorbed species derived from the respective slopes were 5.44 and 3.98, whereas the parameters n 1 and n 2 were 3.4 × 10 -3 mol/g and 1.07 × 10 -2 mol/g, respectively. The values of the stability constants indicate that sorption of the species occurred readily at site K 1 and exhibited a greater stability than site K 2 . However, the model gives no information on the molecular structure of the sorbed complex and only provides an apparent conditional stability constant which is not in accord with either the stoichiometric or molecular configuration (Sposito 1981).
Sorption mechanism
PAR is a tridentate ligand which usually extracts metal ions from mixed solvent systems or butanol in order to satisfy the coordination number of the central metal ion. The reagent interacts with metals through the pyridine nitrogen atom, the azo nitrogen atom furthest from the heterocyclic ring and (at pH 6) through the dissociated o-hydroxy group of resorcinol. This leads to the formation of coordinatively unsaturated Hg(PAR) + species involving two stable five-membered rings with Hg(II) ions (Anderson and Nickless 1967; Geary et al. 1962 ). Since mercury is a 'soft' element, it can satisfy its coordination number of four by interaction with the nitrogen atom of the isocyanate group present in PUF and/or with the oxygen atom of the ether group via a cation chelation mechanism. The resulting charge on the species is neutralized by interaction with acetate ions as follows (Palagyi and Braun 1992) :
where X = CH 3 COOand the bar quantities indicate reaction in PUF.
The thermodynamic parameter DH (-26.6 kJ/mol) indicates that the sorption behaviour of Hg(II) on PAR-loaded PUF was exothermic and involved the formation of an ion-association type of complex, which was more stable at low temperatures. The value of the sorption free energy ( of 12.9 kJ/mol derived from the D-R isotherm supported the ion-association type chemisorption of an Hg(PAR) PUF CH 3 COO complex as follows:
The stability constant for sorption derived from the Scatchard equation indicates that both isocyanate and ether groups were active sites and responsible for the sorption of Hg(II) ions onto PAR-loaded PUF. The basicity of the isocyanate group nitrogen atom in neutral aqueous solution was greater than the oxygen atom of the ether group. According to the hard and soft acid-base (HSAB) model, the nitrogen atom of the isocyanate group has a soft character whereas the oxygen atom of the ether group has a hard character (Garnovskii et al. 1972) . Thus, the stability constant with a higher value (log K 1 5.44) may be assigned to the soft-soft interaction of the isocyanate group of PUF with the Hg(PAR) + complex, while the log K 2 value (3.98) is associated with the soft-hard interaction of the ether group of PUF with the Hg(PAR) + complex.
